Abstract. Solar wind compressive fluctuations at MHD scales have been extensively studied in the past using data from spacecraft on the ecliptic plane. In the present study, based on plasma and magnetic field measurements by Ulysses, a statistical analysis of the compressive fluctuations observed in the high-latitude solar wind is performed. Data are from the first out-of-ecliptic orbit of Ulysses, when the Sun's activity is low and the high-latitude heliosphere is characterized by the presence of a fast and relatively steady solar wind, the polar wind. Our analysis is based on the computation of hourly-scale correlation coefficients for several pairs of solar wind parameters such as velocity, density, temperature, magnetic field magnitude, and plasma pressures (thermal, magnetic, and total). The behaviour of the fluctuations in terms of their amplitude has been examined, too, and comparisons with the predictions of existing models have been performed. The results support the view that the compressive fluctuations in the polar solar wind are mainly a superposition of MHD compressive modes and of pressure-balanced structures. Nearly-incompressible effects do not seem to play a relevant role. In conclusion, our results about compressive fluctuations in the polar wind do not appear as a break with respect to previous low-latitude observations. However, our study clearly indicates that in a homogeneous environment, as the polar wind, the pressure-balanced fluctuations tend to play a major role.
Introduction
Compressive fluctuations in the magnetohydrodynamic (MHD) range have been commonly observed in the ecliptic solar wind (e.g. Tu and Marsch, 1995) . It is not surprising that compressibility effects may be able to play a nonnegligible role in the interplanetary plasma, where Alfvén and sound speeds generally have the same order of magnitude Correspondence to: B. Bavassano (bavassano@ifsi.rm.cnr.it) (for an incompressible plasma the sound speed should be infinitely large). As is well known, the ecliptic solar wind is characterized by quite a variable velocity. Apart from transient flows directly related to solar events, a pattern of fast and slow streams and the development of compression and rarefaction regions are typical features of the ecliptic wind. These large-scale structures appear to affect the behaviour of the MHD compressive fluctuations (Marsch and Tu, 1993; Tu and Marsch, 1994) . A completely different environment in which to study compressive fluctuations is offered by the polar solar wind, a fast and steady flow observed at high heliographic latitudes. The velocity gradients in polar wind are much weaker than those typical of the ecliptic wind . In other words, the polar wind is an almost structureless flow from the velocity profile point of view. As shown by the Ulysses spacecraft in its out-of-ecliptic exploration, the polar wind is not a permanent feature of the heliosphere. Rather, its presence in the high-latitude heliosphere is dramatically dependent upon the phase of the solar activity cycle (McComas et al., 2002) , with a strong role at low activity and almost no role at high activity. In the present analysis the nearly homogeneous environment represented by the polar wind will be used to investigate how the compressive fluctuations behave under almost undisturbed conditions.
As is well known, the high-latitude solar wind is characterized by the presence of an intense flux of Alfvénic fluctuations (e.g. . In the ecliptic wind a similar situation is observed in the trailing edge of fast streams . Fluctuations of a compressive type in these ecliptic streams have been studied by Marsch and Tu (1993) and Tu and Marsch (1994) . In particular, they have performed an exhaustive statistical analysis of the compressive fluctuations at scales around and below 1 hour, roughly corresponding to the core of the Alfvénic regime. The main goal of our study is to extend their analysis to the polar wind fluctuations and compare the results obtained for the two kinds (polar and ecliptic) of flow. It has to be mentioned that past studies of polar wind fluctuations (McComas et al., , 1996 Reisenfeld et al., 1999) have indicated a relevant presence of pressure-balanced structures at scales from half a day down to a few hours (while at scales above few days the thermal and magnetic pressures become positively correlated). In the present analysis we will investigate fluctuations at smaller scales than those examined in the above studies and at the same time we will look for the presence of other correlations. This last one is not a minor point. An overall view of all kinds of correlations existing in the data is important to understand their very nature.
The data analysis
The analysed interval is displayed in Fig. 1 . Here we plot (from top to bottom) the solar wind velocity V , the spacecraft heliographic latitude λ, and the spacecraft heliocentric distance r for a five-year period (mid-1992 to mid-1997) of the first out-of-ecliptic orbit. At that time the solar activity was low and, as shown in the top panel, a polar wind was present everywhere in the high-latitude heliosphere. Black bars on top of the figure highlight the polar wind phases. The first polar passage occurs in the Southern Hemisphere, the second one in the Northern Hemisphere. These are the periods that we will use to study compressive fluctuations in the polar solar wind. As a term of comparison, also mid-latitude (gray bars) and low-latitude (light gray bar) intervals will be investigated. Mid-latitude intervals refer to the boundary region of the polar wind. They are from the Ulysses near-aphelion phase, when the spacecraft has a low angular Fig. 1 ). Time, distance (in a.u.), and latitude (in degrees) are given on the left (u.t., r, and λ, respectively). The colour code for the occurrence frequency P (in per cent) is shown on the right.
velocity. Changes in the relative motion and/or wavy geometry lead to repeated crossings of the boundary region, corresponding to the large velocity excursions seen in the top panel (in contrast, in the near-perihelion phase the spacecraft angular velocity is high and the transition is abrupt, see the sharp velocity variations at the beginning of 1995). Our analysis is based on the evaluation of the degree of correlation between several pairs of solar wind parameters that characterize the compressive state of the plasma. The parameters under study are the plasma velocity (V ), the proton number density (N ), the proton temperature (T ), the magnetic field magnitude (B), the proton thermal pressure (P k ), the magnetic pressure (P m ), and the total pressure (P t , equal to P k + P m ). Correlation coefficients are computed for the pairs N − P t , P m − P k , B − N , B − T , N − T , and T − V . Our study will focus on the fluctuations at hourly scale; in other words, the correlation coefficients will be computed on the basis of 1-h intervals. The time resolution of the Ulysses plasma measurements is 4 or 8 min, depending on the spacecraft mode of operation (Bame et al., 1992) . Regarding the magnetic field (Balogh et al., 1992) , we had access to 1-min mean values. These magnetic values have been further averaged over the plasma sampling time. A comment about temperature and thermal pressure is in order, since in the present study the values from the proton population only have been used. Obviously, the electron contribution is not negligible and surely differs from that of protons. Unfortunately, in the available data set the electron data generally have a worse time resolution (with respect to protons), not adequate to an hourly-scale correlation analysis. On the other hand, Tu and Marsch (1994) have shown that the basic results of an analysis such as we have performed are not statistically affected by the simplification of representing the solar wind temperature by the proton temperature only.
The correlation coefficients
An overview of the correlation coefficients
, and ρ(T − V ) for the time interval from mid-1992 to mid-1997 is given in Figs. 2, 3, and 4, right and left panels, respectively. For each solar rotation (as seen by Ulysses) occurrence frequency histograms have been built for each correlation coefficient. These histograms are plotted as 2-D coloured surface graphs, with horizontal axis for the coefficient value, vertical axis for the time, and colour to indicate the occurrence frequency P . In each figure a vertical bar on the left indicates the polar (black), mid-latitude (gray), and low-latitude (light gray) phases (as in Fig. 1 ). Time, distance, and latitude are also given along the vertical axis. Figure 2 clearly indicates that a positive correlation for ρ(N −P t ) (left panel) and a negative one for ρ(P m -P k ) (right panel) is a robust feature of the observed compressive fluctuations. Regarding ρ(N − P t ), the correlation is especially strong in the polar regions (black left bar) at small heliocentric distance (see red spots). In mid-latitude regions (gray left bar) the correlation weakens, while it almost disappears at low latitudes (light gray left bar near the centre of the panel). A slightly different behaviour is observed for ρ(P m -P k ). In this case the anticorrelation also remains strong outside the polar regions. For polar wind the anticorrelation appears to be less strong at small distance, just where the ρ(N −P t ) correlation is at its maximum values.
The role played by density and temperature in the anticorrelation between magnetic and thermal pressures is investigated in Fig. 3 , where the magnetic field magnitude is directly related to the proton density and the proton temperature. Regarding the polar regions, a strong B − T anticorrelation is clearly apparent at all distances (right panel). For B − N an anticorrelation tends to emerge when solar distance increases. This means that the magnetic-thermal pressure anticorrelation is mostly due to an anticorrelation of the magnetic field fluctuations with respect to temperature, rather than density, fluctuations (see Bavassano et al., 1996) . Outside polar regions the situation appears in part reversed, with a stronger role for the B − N anticorrelation.
Finally, in Fig. 4 solar rotation histograms for ρ(N − T ) (left) and ρ(T − V ) (right) are shown. For both cases no appreciable correlation is seen in the polar wind at small distance. When the distance increases, however, mild correlations (negative for N − T and positive for T − V ) appear. They are observed in the mid-latitude regions, too.
A complementary view of the compressive fluctuation behaviours and of their changes along the Ulysses' trajectory has been obtained through scatter plots of some pairs of the correlation coefficients. To this end we have selected eleven intervals, as indicated by short bars and labels on the top of Fig. 1 . Each interval has a time length of two solar rotations. The labels P1 to P4 indicate polar wind intervals, while the labels M and E are for mid-and low-latitude intervals, respectively (note that the interval E is of one solar rotation only, since the time spent by Ulysses in the low-latitude wind during the perihelion phase is not long enough to allow one to select a two-rotation interval). Table 1 gives a list of these intervals and of their ranges in distance r and latitude λ. The intervals have been selected from both Northern and Southern Hemispheres (with the obvious exception of the equatorial interval E). For instance, there are two intervals labelled P1, one in the polar wind at north (second row of Table 1 ) and the other in polar wind at south (first row of Table 1 ). The intervals P1 correspond to the minimum distance in the polar wind, P2 to the maximum latitude, P3 to an intermediate distance (about 3 AU), P4 to the maximum distance. The intervals M, in the mid-latitude solar wind, have been selected in such a way as to have a regular pattern of the velocity gradients. Figure 5 shows scatter plots of ρ(N − P t ) versus ρ(P m -P k ) for the four pairs of polar wind samples (P1 to P4). As expected from the histograms of Fig. 2 , the data points' distribution is strongly peaked in the upper left corner of each panel, where a positive N − P t correlation is associated with a negative correlation between magnetic and thermal pressures. This result is very similar to that obtained by Marsch and Tu (1993) for ecliptic fast wind. From Fig. 5 it is also clearly seen that the distribution tends to spread when moving from P1 to P4 samples. This seems to be a quite regular trend, not appreciably affected by excursions in latitude (see sample P2, with data from the highest latitudes). Thus, such a trend probably is a radial distance effect (distance increases from P1 to P4).
In Fig. 6 scatter plots of ρ(B −N ) vs. ρ(B −T ) are shown for the same samples of Fig. 5 . As already noted above, the magnetic field magnitude is negatively correlated with both density and temperature. The B − T anticorrelation appears dominant at small distance (P1), while at large distance (P4) the B − N anticorrelation becomes equally important. Thus, while at small distance the magnetic-thermal pressure anticorrelation is mainly due to an anticorrelation between magnetic field and temperature fluctuations, at large distance density fluctuations also become significant in that respect. As a term of comparison for the results given in Figs. 5 and 6, Figs. 7 and 8 show the corresponding scatter plots for midlatitude (M) and low-latitude, or equatorial, (E) samples. The results are given separately for low (L) and high (H) wind speed, in the left and right panels, respectively. The choice of the speed limit between slow and fast wind has been done on the basis of the frequency distributions of speed for the investigated samples. For the ρ(N − P t ) vs. ρ(P m -P k ) scatter plots ( Fig. 7 ) a dependence on speed is clearly apparent. The results for fast wind (MH and EH panels) are similar to those for polar wind. Slow wind results are characterized by an increasing number of cases with a negative ρ(N − P t ) coefficient. This difference between fast and slow wind results is similar to that found by Marsch and Tu (1993) in the ecliptic. Regarding the ρ(B − N ) vs. ρ(B − T ) plots for the midand low-latitude samples (Fig. 8) , a dependence on latitude and wind speed is not easily seen in the data. Both correlation coefficients tend to be negative, but with distributions that are less peaked than those found for polar wind samples (Fig. 6 ).
The fluctuation amplitudes
In order to understand the nature of the observed fluctuations it is important to investigate, in addition to their correlation properties, their behaviours in terms of amplitude. Results discussed in the present section refer to the polar wind phases. Figure 9 shows frequency distributions of the amplitudes of magnetic (P m , thick line), thermal (P k , thin line), and total (P t , dashed line) pressure fluctuations. The amplitudes are given in relative value, namely normalized to the mean of the examined parameter on each hourly interval. The total pressure fluctuations appear to be considerably smaller than their thermal and magnetic terms, suggesting a polar wind compressive state dominated by pressure-balanced fluctuations. It is worth noting that the P m histogram has, as compared to that of P k , a smaller peak value but a more pronounced highvalue tail. This last feature is also present in distributions normalized for their standard deviations and peak values. Such behaviour could be reminiscent of differences between magnetic field and plasma parameters in the intermittent character of the fluctuations. For instance, Bruno et al. (2003) have shown that the magnetic field fluctuations are more intermittent than those of the solar wind velocity. The relationship between the amplitudes of thermal and magnetic pressure fluctuations is shown by Fig. 10 , where scatter plots of their relative values are given for polar wind samples P1 to P4. A positive correlation between the amplitudes emerges in all samples. Figure 10 also indicates that the fluctuation amplitudes are at a sizeable level for all samples (corresponding to different distances and latitudes in polar wind, see Table 1 ). It is worth noting that this also holds for the other parameters used in our analysis, as shown by the scatter plots of Figs. 11 (for B and T ) and 12 (for Nand P t ). All this allows one to conclude that the computed correlation coefficients are robust quantities and the decline of a correlation cannot simply be ascribed to the decline of the fluctuation amplitudes. Only for velocity fluctuations (not shown) one should be cautious. They are often quite small, with relative amplitudes roughly around 1%, and instrumental uncertainties surely have important effects. However, velocity fluctuations do not significantly contribute to our conclusions.
In Fig. 12 scatter plots of total pressure vs. density fluctuations are used to test a model by Tu and Marsch (1994) , based on the hypothesis that the compressive fluctuations observed in solar wind are mainly due to a mixture of pressurebalanced structures (PBS) and fast magnetosonic waves (W). Waves only can contribute to total pressure fluctuations, while both waves and pressure-balanced structures may contribute to density fluctuations. A tunable parameter in the model is the relative PBS/W contribution to density fluctuations (α). Straight lines in Fig. 12 indicate the model predictions for different values of α. It is easily seen that for all polar wind samples the great majority of experimental data fall in the α > 1 region. Thus, pressure-balanced structures appear to play a major role with respect to magnetosonic waves. This is a feature already observed by Helios in the ecliptic wind (Tu and Marsch, 1994) , although in a less pronounced way. A comparison between the different panels of Fig. 12 indicates that in moving from P1 to P4 the observed distribution tends to shift towards higher values of α (i.e. pressurebalanced structures become increasingly important), probably a radial distance effect.
Finally, in Fig. 13 we examine how the relative density fluctuations depends on the turbulent Mach number M (the ratio between velocity fluctuation amplitude and sound speed). This is done with the aim of looking for the presence, in the observed fluctuations, of nearly incompressible (NI) MHD behaviours. In fact, in the framework of the NI theory (e.g. Matthaeus, 1991, 1993 ) two different scalings for the relative density fluctuations are possible, as M or as M 2 , depending on the role that thermal conduction effects may play in the plasma under study (namely a heat-fluctuation-dominated or a heat-fluctuation-modified behaviour, respectively). These scalings are shown in Fig. 13 as a solid (for M) and a dashed (for M 2 ) line.
It is clearly seen that for all the polar wind samples no clear trend emerges in the data. Thus, NI-MHD effects do not seem to play a relevant role in driving the polar wind fluctuations. This confirms previous results on the ecliptic by Helios in the inner heliosphere and by Voyagers in the outer heliosphere . It is worth noting that, apart from the lack of NI trends, the experimental data from the Ulysses, Voyagers, and Helios missions in all cases exhibit quite similar distributions. In other words, for different heliospheric regions, solar wind regimes, and solar activity conditions, the behaviour of the compressive fluctuations in terms of relative density fluctuations and turbulent Mach numbers seems almost to be an invariant feature.
Discussion and conclusion
Plasma and magnetic field data of the Ulysses mission have been used to investigate the nature of the hourly-scale compressive fluctuations in the high-latitude (or, polar) solar wind. The nearly homogeneous environment offered by such a kind of flow has allowed one to investigate how the compressive fluctuations behave under almost undisturbed conditions. We based our analysis mainly on the evaluation of the correlation existing between the fluctuations of solar wind parameters, such as velocity, density, temperature, magnetic field magnitude, and pressures (magnetic, thermal, and total). However, the fluctuations' behaviour in terms of amplitude has also been examined, and comparisons with the predictions of existing models have been performed.
A clear outcome of the present study is that of a strong anticorrelation between thermal and magnetic pressure fluctuations. In other words, a state close to a pressure balance between the kinetic and magnetic terms appears to be a major feature of the polar wind plasma. This extends previous findings at larger scales by McComas et al. (1995 McComas et al. ( , 1996 and Reisenfeld et al. (1999) . By a comparison between the ρ(B − N ) and ρ(B − T ) coefficients it turns out that this balanced state is predominantly maintained by temperature, rather than density, fluctuations (especially at small solar distances). This role for the temperature was already observed by Marsch and Tu (1993) in the fast streams of the ecliptic solar wind. They also noticed that, in contrast, for the slow wind both temperature and density fluctuations were contributing to the pressure equilibrium (see also Vellante and Lazarus, 1987) . A speculation could be that in the polar wind, where a large-scale velocity pattern is almost absent and the compression/rarefaction effects are quite weak, the pressure-balanced state is almost completely related to thermal and magnetic features of the source region of the wind (see also Bavassano et al., 1996) . In this regard it should be mentioned that the solar wind extension of polar plumes has been suggested to lead to pressure-balanced structures (Reisenfeld et al., 1999) . On the other hand, the significant presence of these structures at the scales typically dominated by Alfvénic fluctuations (e.g. Bavassano et al., 2000a, b) extends to the polar wind the indication given by observations on the ecliptic (Marsch and Tu, 1993 ) about a connection between the degree of Alfvénicity and of pressure balance.
An important clue to understand the nature of the observed fluctuations is given by the kind of correlation existing between density and total pressure fluctuations. Positive values may result from the presence of magnetosonic waves, fast or slow, depending on the sign (positive or negative, respectively) of the P m − P k correlation (see discussion by Marsch and Tu, 1993) . On the other hand, PBS-type fluctuations should not give any N − P t correlation. Our results (see the ρ(N − P t ) vs. ρ(P m -P k ) scatter plots of Fig. 5 ) are very similar to those of Marsch and Tu (1993) for fast ecliptic wind (see their Fig. 11) , with the majority of points falling in the area of slow-mode and PBS-type correlations. To al- low for the existence of slow waves, that should be heavily Landau damped (e.g. Barnes, 1979) , Marsch and Tu (1993) suggested that slow waves might have a chance to survive for propagation directions almost perpendicular to the magnetic field (since the wave speed becomes very low and the ion distributions are flat at small speeds). A second possibility is that the wave speed falls within a positive slope interval of ion velocity distributions with ion-beam components, a frequently observed feature in the solar wind.
A further point to be underlined is that the behaviour (Fig. 12 ) of the total pressure versus density fluctuations, in terms of relative amplitudes, strongly indicates that polar observations agree quite well with a model by Tu and Marsch (1994) , based on a mixture of pressure-balanced structures and magnetosonic waves. The PBS contribution is strong and becomes more and more important as the solar distance increases.
A test to search for nearly-incompressible effects has been done (Fig. 13) , with the conclusion that such phenomenology does not seem to have a relevant role in driving polar wind fluctuations.
Finally, Ulysses results in polar wind do not exhibit strong differences with those (always by Ulysses) in fast wind at mid and low latitudes. The same holds in comparison to the Helios observations within fast flows on the ecliptic inside 1 AU.
In summary, our conclusions about compressive fluctuations in the polar wind do not appear as a break with respect to previous observations in the ecliptic wind. However, our study clearly indicates that, in a homogeneous environment, as the polar wind, the pressure-balanced fluctuations tend to play a major role.
